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ABSTRACT
Our existence in the Universe resulted from a rare combination of circumstances. The same must be true for any advanced
extraterrestrial civilisation. If there exist any in the Milky Way, they are likely scattered over large distances in space and
time, however, they must be aware of the unique property of the Galactic centre: it hosts the closest massive black hole to
anyone in the Galaxy. A sufficiently advanced civilisation may have placed material in orbit around this black hole to study it,
extract energy from it, and/or for communication purposes. In either case, its orbital motion will necessarily be a source of
gravitational waves. Here we show that a Jupiter-mass “Messenger” on the innermost stable circular orbit around the black hole
can be sustained for a few billion years by the energy output of a single star and emits an unambiguously artificial (continuous)
gravitational wave signal that will be observable with LISA-type detectors.
Introduction
It is conceivable that a civilisation advanced enough to see itself in a cosmological context would think of a way to make itself
known to the Universe. We humans, for instance, sent in 1977 with Voyager 1 and 2 two postcards from Earth out into the
Galaxy. Destination: “addressee unknown”. The Voyagers carry not only instruments designed to study the planets in the
outer solar system, but also two golden records with messages intended for extraterrestrial lifeforms or future humans. That
was a random shot into the vast depths of outer space. One could think of a cleverer concept for the message to be detected
by a sufficiently developed civilisation. An electromagnetic beacon emitting at radio or infra-red wavelengths (in order to
penetrate the dust of the spiral arms) is not be best way to draw attention, as such beams are strongly directional. A better
way to ensure that the signal can be detected throughout the whole Galaxy is with a gravitational-wave beacon. As opposed to
electromagnetic waves, gravitational waves are produced by the accelerated movement of macroscopic charges (masses) and
once emitted, travel through space virtually unperturbed. Gravitational wave phenomena are omnipresent in the Universe and
with sufficient technological prowess relatively straight forward to detect. In the case of the Advanced LIGO and Advanced
Virgo detectors signals emitted during the last stages of the inspiral and merger of binary systems of compact objects - stellar
mass black holes and neutron stars - are firmly detectable from distances of the order of 1 Gpc and 100 Mpc, respectively1–6.
The same arguments hold also for receiving alien signals on Earth. The search for extraterrestrial intelligence (SETI) is
a programme where since the 1980ies patterns in the narrow-band electromagnetic radio emission are searched7. This is a
needle in the haystack kind of search. A gravitational-wave observatory, however, thanks to its almost omnidirectional antenna
characteristics, is not limited to search a specific area of the sky, as it practically receives all the signals within its range of
sensitivity. Therefore, it is reasonable to assume that an advanced civilisation might use the gravitational-wave channel for
messaging.
In a compact binary scenario the gravitational-wave signal naturally traverses a range of wavelengths, associated to the
inspiral, merger and the ring-down (in the case of binary black hole systems). In order to be recognized as such, a gravitational-
wave Messenger beacon must emit a clearly unnatural signal, such as a persistent emission of gravitational waves at a constant
frequency. Moreover, the signal must be strong enough to be detectable in the whole Galaxy, and must come from a direction
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every able civilisation will look at eventually. The Galactic centre is therefore an obvious choice.
Sagittarius A* (Sgr A∗), the massive black hole in the centre of the Milky Way, is a unique object in the Galaxy. Any
advanced civilisation will, without any doubt, notice the existence of Sgr A* and recognise it as a unique location. We humans
are aware of this for less than a century: it started with the discovery of a radio hiss from the approximate direction of the
Galactic centre8, X-ray emission was detected during an early Aerobee survey9, that it was a point source became clear only
with radio interferometry10, and it took a few decades more to identify this compact source as a black hole from infrared
spectroscopy of the radial and proper motion of nearby stars11, 12. Sgr A* has recently become our laboratory to test gravity
theories13, 14.
The uniqueness of the Messenger signal is guaranteed by a special position located at the innermost stable circular orbit
(ISCO) around Sgr A∗. All characteristics of the ISCO, in particular its radius, r0, and the orbital frequency, f0, depend only
on the black hole mass, M, and its reduced spin, a. The mass of the Galactic centre black hole is very precisely known from
direct measurements of stellar orbits around Sgr A∗13, M = 4.14±0.03×106M. The black hole spin is not known to date.
Broadband spectral fitting indicates a broad range of the Kerr spin parameter a= 0.0+0.86 (2σ uncertainty)15. Adopting for
the mass the value M = 4.1×106M and for the spin a= 0 and 0.9, respectively, the radius r0 (in Boyer-Lindquist coordinates)
and the orbital frequency f0 (as measured at infinity) at the prograde ISCO are
r0 =
{
3.63×107 km for a= 0
1.41×107 km for a= 0.9 (1)
and
f0 =
{
0.54mHz for a= 0
1.78mHz for a= 0.9. (2)
The functions r0(a) and f0(a) are shown in Fig. 1.
Any circular orbital motion generates gravitational waves, which are periodic with a dominant mode at twice the orbital
frequency16, 17. From Eq. (2), we obtain the gravitational wave frequency of the dominant m= 2 mode:
fGW = 2 f0 =
{
1.07mHz for a= 0
3.55mHz for a= 0.9 (3)
This frequency falls within the sensitivity range of the space borne gravitational-wave observatory LISA18, 19. The full waveform
is described in17.
Results
Emitted power
In order to generate a reasonably strong gravitational-wave signal, the body orbiting Sgr A∗ must have a mass in an astronomical
range. It cannot be too small or it does not produce a gravitational-wave amplitude detectable over a substantial distance for
Sgr A∗, and it cannot be too big or it will cost too much energy to sustain it over a sufficiently long time. Our estimations
indicate that a detectable Messenger mass is in the ballpark of moons, planets, or stars.
The energy loss due to gravitational radiation by an object of mass m on a circular orbit around a rotating black hole of
mass M m has been computed in171. For a Jupiter-mass Messenger, m= 2×1027 kg, orbiting at ISCO [Eq. (1)], this yields
the following numerical values of the total radiated power:
PGW =
dE
dt
=
{
2.0×1037 erg s−1 for a= 0
7.8×1038 erg s−1 for a= 0.9. (4)
Values of PGW for other values of m can be found in Table 1. The above results relies on exact computations in the Kerr metric17.
As a check, let us note that an approximate estimate of PGW can be obtained by a 1.5-order post-Newtonian formula based on20:
PGW =
32
5
(
M
r0
)5(m
M
)2×(1+ 13
168
M
2r0
− 73
12
aM3
L3
)
× c
5
G
, (5)
where L the specific angular momentum of a Keplerian orbit. Equation (5) results in values in agreement with (4) up to ∼ 10%.
At the location of the ISCO, a few gravitational radii away from the black hole, the accretion environment consists of
ionised gas that exerts a drag force on the Messenger. The power of the drag force is given by the density of the gas as well as
1The result can be found in the public SageMath Notebook.
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Figure 1. The ISCO radius r0 (in blue) and ISCO orbital frequency f0 (in red) as functions of the black hole spin a. The
dashed lines mark the values for retrograde orbits. The ISCO radius is given in units of gravitational radius, rg = GM/c2, while
the frequency values are for the mass of Sgr A*.
velocity and area of the orbiting body and in the specific case of a Jupiter-mass orbiter around Sgr A*, which is surrounded by a
tenuous plasma, Pdrag ∝ ρv3A≈ 1018 erg s−1, is negligible with respect to (4).
For a mass m= 2×1027 kg orbiting at the ISCO, it has been calculated in Ref.17 that within Tobs = 1 yr of observational
time, LISA can detect the gravitational waves with a signal-to-noise ratio as high as
SNRGW =
{
2.8×102 for a= 0
3.6×103 for a= 0.9 (6)
Such a signal will be easily recognized as true gravitational-wave emission. Within an observational period of five years, LISA
can detect orbiter masses as small as super-Earths.
Lifetime and stability
Nobody knows how long a technically-advanced civilisation lives, but it is likely that their lifetime is significantly shorter than
a few billion years. Therefore, the Messenger beacon should last for about this time
The Messenger lifetime: tlife ≈ 109 yr = 1017 s (7)
otherwise its signal could be easily missed by most of the Galactic civilisations. Thus, the lifetime of the Messenger will be
much longer than that of the civilisation that created it. If we ever discover the gravitational signal discussed here, it will
possibly be a message from a dead civilisation. Loeb21 has discussed this issue in a different context of searching for “space
junk” – relics of dead civilisations.
The power [Eq. (4)] must be continuously supplied to the Messenger in order to compensate the orbital energy losses
due to gravitational radiation. Without the supply, the Messenger will drift out of the orbit and plunge into the Sgr A* black
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a 0 0.9
P(mSun) 2.02×1043 7.85×1044
P(mJupiter) 2.02× 1037 7.85× 1038
P(mEarth) 2.02×1031 7.85×1032
Table 1. Power required to hold the Messenger on the innermost stable circular orbit, in erg s−1. This corresponds to the
gravitational-wave power, PGW = dEdt , calculated in Eq. (4), for a given point mass m orbiting a massive black hole, of mass M
and spin a.
hole. The change of the orbital frequency in time, d f/dt is diverging at the ISCO17, 22, as indicated in Fig. 2. For comparison,
long-lasting observations of LISA provide the following frequency derivative resolution: if the observation time of LISA is
Tobs, the frequency resolution (width of the frequency bin) is δ f = 1/Tobs. Minimal frequency derivative f˙ = d f/dt which can
be detected (signals with smaller f˙ will stay within the same frequency bin in time Tobs) is then f˙min = δ f/Tobs = 1/T 2obs. For
Tobs = 1 year, f˙min ' 10−15 Hz/s, which, in view of Fig. 2, is more than enough to distinguish naturally decaying orbit at ISCO
from a strictly monochromatic signal.
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Figure 2. Secular frequency change due to gravitational radiation loss in terms of the orbital radius r0, as computed in17. The
corresponding SageMath Notebook is publicly available. At the ISCO the total energy of the orbiting body E = E(r0) is
minimal so that dE/dr0 = 0. This implies a steep increase of the frequency derivative and d f0/dt =+∞ at the ISCO.
This is in our opinion the most important feature of the Messenger concept. If an observer detects a continuous, long-lasting
(of the order of months or years), gravitational-wave signal with the frequency corresponding to the ISCO of Sgr A∗, then it
will obvious that this signal is surely artificial.
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Messenger energy supply
Given Eq. (4), the total energy needed to supply a Jupiter-mass Messenger over its lifetime is
E = tlifePGW ≈ 2.0×1054 erg (a= 0) to 7.8×1055 erg (a= 0.9). (8)
This corresponds to a fuel massM = E /c2 = 2.2×1033 g to 8.7×1034 g, depending on the black hole spin. These numbers
show that the energy supply of the Messenger could be arranged in a natural process which involves a single star of about
1−50M, if the Messenger mass is of the order of the Jupiter mass. For a Messenger with a mass equal 1M, however, the
energy needed to sustain it in orbit would be 6 orders of magnitude larger, meaning that a supply by one star would be not
possible.
Jupiter as such would be tidally disrupted at the ISCO. Only objects with densities > 106 g cm−3 (comparable to a white
dwarf) are safe. A conceivable strategy might be to collapse a “Jupiter” to a black hole. However, we will not discuss the
necessary rocket science about how to construct such a spacecraft here.
Discussion
To us humans the Milky Way is naturally a unique location in the Universe. Our emergence is the result of many rare
circumstances and conditions of extremely low probability. Yet here we are, a (moderately) intelligent civilisation on a small,
rocky planet that is rich on silicates, oxygen, and water and has a protective atmosphere and magnetic field. We are orbiting
together with a relatively large moon well inside the Goldilocks zone around a rather common, yellow main sequence star in a
habitable region about two thirds from the centre of a spiral galaxy. There is a fair chance, that the Milky Way is also home to
someone else. The predictive power of the Drake equation23, 24, which estimates the number of extraterrestrial civilisations by a
handful of parameters, is arguably not very great, its estimates range from zero to tens of thousands. Here, we decided to be
mildly optimistic and suppose that there is, or was, at least one technologically highly developed civilisation out there.
We argue that if a sophisticated extraterrestrial civilisation would decide to construct a device to study the massive black
hole in the Galactic centre, or to extract energy from it, or even for intentions unfathomable to the human mind, this device can,
like Voyager 1 and 2 also serve as a Messenger. Any intentional gravitational-wave Messenger must be long lived and of an
appropriate mass and density to produce a measurable signal in the least inhospitable parts of the Galaxy, about 6-10 kpc from
the centre25. This means, it cannot be an arbitrary object on a “natural” orbit around a black hole, as the orbit would decay
due to gravitational-wave emission and the Messenger-Sgr A∗ binary would merge. Instead, an apparatus able to spread an
information through the Galaxy should necessarily have a few precisely determined, unique properties that we have discussed
in this work:
1. The signal should be long lasting, periodic and provided by gravitational waves.
2. Specifically, the emission of gravitational waves should be due to orbital motion of the Messenger along the innermost
stable circular orbit around Sgr A∗, the massive black hole in the centre of the Galaxy.
3. The Messenger should be continuously supplied with energy to compensate orbital energy loss due to the emission of
gravitational waves.
4. The source of this energy supply should be a natural astronomical phenomenon, operating for a few billion years, with no
need of maintenance or service.
5. The largest sustainable Messenger mass is of the order of a Jupiter mass, but the object itself has to be much more
compact.
Already in the first year of its operation LISA will be able to verify if a Jupiter-mass orbiter is present in the Galactic
centre. Smaller masses will require a longer interval of observation to reach a conclusive signal-to-noise ratio. The absence of a
continuous signal from the direction of Sgr A∗ does, of course, not imply that extraterrestrial life has not evolved. A successful
detection, however, will provide a definite and unambiguous proof that an intelligent civilization does or did exist in our Galaxy.
Data availability
Accession codes SageMath Notebook: https://share.cocalc.com/share/11745bc1-4f1c-4eb8-ae69-3a4d90eeb6b6/
frequency_change.ipynb?viewer=share
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